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Energy Conversion in Laser Propulsion II
(RenoWorkingDoc.doc — 19 Dec 01)
C. William Larson, Wayne M. Kalliomaa, and Franklin B. Mead, Jr.
Propulsion Directorate
Air Force Research Laboratory
Edwards AFB, C4 93524-7680

Abstract

Analysis of overall energy conversion in Jaser propulsion is reported. Experimental studies of a laboratory
scale propulsion device that absorbs laser energy and converts that energy to propellant kinetic energy were carried
out. The Myrabo Laser Lightcraft (MLL), propelled by laser heated air, was studied. The MLL incorporates an
inverted parabolic reflector that focuses laser energy into a toroidal volume where it is absorbed by 2 unit of
propellant mass that is subsequently expanded in the geometry of the plug nozzle aerospike. Thermodynamics
predicted that the upper limit of the efficiency of conversion of the internal energy of laser heated air to jet kinetic
energy, o, is ~ 0.30 for EQUILIBRIUM expansion to 1 bar pressure. The analysis captures the equation of state of

partially ionized air under conditions of chemical equilibrium. This upper limit a is nearly independent of the
specific internal energy between 1 and 100 MJ/kg, or temperature from 2000 to 24000 K at density of 1.18 kg/m’.
The upper limit efficiency for optimum FROZEN expansion of laser heated air is & = 0.27.  With heating of air at
jts Mach 5 stagnation density (5.9 kg/m’ as compared to STP air density of 1.18 ko/m ) these efficiencies increase to
about 0.55 (equilibrium) and 0.45 (frozen). Optimum blowdown from 1.18 kg/m’ to 1 bar occurs with expansion
ratios ~ 1.5 t0 4 as internal energy decreases from 1 to 100 MJ/kg. Heating of Mach 5 air at stagnation density
requires larger expansion ratios, 8 to 32, for optimum expansion to 1 bar. Expansion of laser ablated Delrin
propellant appears to convert the absorbed laser energy more efficiently 10 jet kinetic energy because the effective
density of the ablated gaseous Delrin is significantly greater than that of STP air.

- NOMENCLATURE (in order of use)

E; kinetic energy of vehicle at end of mission.
Mg mass of vehicle at end of mission. -
A7 velocity of vehicle at end of mission in inertial frame of reference.
M efficiency of conversion of propellant kinetic energy to vehicle kinetic energy.
a efficiency of conversion of propellant intemnal energy to propellant kinetic energy.
B efficiency of absorption of laser energy by propellant.
¥ efficiency of transmission of laser energy through atmosphere to vehicle.
EL laser energy per laser pulse.
v; initial velocity of rocket in inertial frame, m’s.
Ve exit velocity of propellant relative to the rocket, in the rockst frame of reference, m/s.
m; initial mass of rocket, kg.
f mass fraction for a rocket mission, f= m¢/m;.
Force or thrust of rocket, N = kg m/s2.
m mass of rocket, kg.
t time, s

dm/dt  incremental mass change of rocket, instantaneous propellant mass flow rate, kg/s.

p propeliant density, ke/m>.
<v,>  mass weighted average exit velocity of blowdown expansion in rocket frame of reference, m/s.

v velocity of rocket in inertial frame of reference, m/s.

dv/dt  incremental velocity change of rocket in the inertial frame of reference, m/s’,
X ratio of vi—v; to v..

y ratio of v; to v,.

E, kinetic energy of propellant, J. .
<v> mass weighted average squared exit velocity of propellant in a blowdown expansion, m’s’.
m, mass of propellant, kg.
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I impulse, Ns = kg m/s.

C coupling coefficient, Ns/J. :

d ratio of s%>are of mass weighted average exit velocity to mass weighted root mean square exit velomty,
<v>?I<v,

u specific internal energy of laser heated propellant, J/kg. .

g specific internal energy of propellant before laser heating, u°;; at STP =- 9.0 x 10" J/’ke.

U, specific internal energy of propellant at the exit of the rocket after isentropic expansion.

Vas  absorption volume.

Vas*  normalized absorption volume, Vpe* = VB

C* normalized coupling coefficient, C* = C/B.

V¥ normalized exit velocity, v.* = <v>/BO. :

(u-u")* normalized specific internal energy, (u-u’)* = (u-u"y 2.

T temperature, K.

P pressure, bar,

h specific enthalpy, J/kg.

] specific entropy, Jkg K.

M, average molecular weight of a mixture, g/mole.

1 specific heat capacity at constant pressure.

\A _ velocity of sound, m/s.

X(e-) ‘mole fraction of electrons.

€ expansion ratio
A, area of exit surface
A, area of sonic surface or throat area

Subscripts, Acronyms, symbols

i initial value of property.
f final value of property.

¢ property in chamber

t " property in throat

e property in exit plane

p property of propellant
<x>  denotes mass weighted average of x

HELSTF High Energy Laser System Test Facility

PLVTS Pulsed Laser Vulnerability Test System

MLL Myrabo Laser Lightcraft

STP Standard Temperature and Pressure, 298 K, 1.01326 bar
INTRODUCTION

Laser propulsion is limited by laser power, so optimization of the laser propulsion mission may be factored
into optimization of four energy conversion efficiencies, which, in a first approxxmatlon, are independent of each
other. In this idealization the kinetic energy of the propelled vehicle at the end of the mission may be expressed

simply:
(1) Ee=Yimpwi= noBrEL.

The propulsmn efﬂmency”, 1, is the efﬁmency with which jet kinetic energy is converted into vehicle
kinetic energy. Sutton' pointed out, more than 50 years ago, that the instantaneous propulsion efficiency varies
during a rocket mission and that it is unity only when the vehicle velocity in the inertial frame is equal to.the jet
veloclty in the rocket frame. Thus, unit propulsion efficiency is achieved only when the jetisdepositedasa
stationary mass relative to an observer in the inertial frame of reference.

Then, 25-years ago, Moeckel* and Lo® mdependently and nearly sxmultaneously published analyses of the
optimization of laser rocket propulsion by maximizing the overalt mission average efficiency of conversion of jet

W




kinetic to vehicle kinetic energy. Most recently, Phipps, Reilly and Campbell (2000, 2001)* cited Moeckel’s paper
in their comprehensive analysis of the single stage, constant I,; Earth to LEO rocket mission. They reiterated the
fundamental limit that Newton’s second law imposes: for rocket missions that start at zero initial velocity, the

" maximum 7 is 0.648, which is achieved when f=0.203 and v'v, = 1.595. For the Earth to LEO mission the
effective “delta v* (v) is about 10 km/s, so the optimum sirgle stage to orbit jet velocity is ~ 6.27 km/s, or specific

impulse ~ 640 s.
In this paper we report a continuation of our prewous work’® and report detailed thermodmamlcs analysis

of energy conversion in the “blowdown™ of laser heated air via the path that minimizes entropy increase. The results
derive from analysis of isentropic expansions from chemically equilibrated states that may be specified by their
internal energy, density, and overal! stoichiometry. Under conditions of chemical equilibrium the mixture
composition adjusts itself to minimize the Gibbs free snergy, or chemical potential. The accuracy of the equlibrium
composition depends on the accuracy of specification of relevant species in the mixture and their thermodynamic
properties. The analysis spans a temperature range of 2000 10 24000 K, and several orders of magnitude in pressure.

We discuss and analyze measurements of the overall efficiency of conversion of laser energy to propellant
kinetic energy, aB, based on »anous ballistic pendulum and flight experiments with Myrabo Laser Lnghtcraft MLL
[Messitt, Myrabo, and Mead (2000)°; Mead, Squires, Beairsto, and Thurston (2000)]. The Phipps, et al.* study
defined an “ablation efficiency “ and analyzed the Earth to LEO mission with unit ablation efficiency. Their
ablation efficiency is equivalent to the product of our & and B. By analyzing experimental results, we are able to
narrow the range of B that operates during the heating process. These B values are somewhat larger than those
reported by Wang, et al.? for CFD plasma models of the heating process. [t has been pointed out that § approaches
zero as the plasma temperature approaches ~ 40,000 K, where the plasma frequency approaches the laser
ﬁ'equency

The Rocket Equation

The thrust that results from expulsion of matter at velocity v, from a vehicle of mass m is expressed by
Newton’s second law as

- d(mv;)
d

where mv, is the momentum of the jet exhaust in the vehicle frame of reference, [Corliss, (1960)]%°. For the case
where v, is constant,

dm

3 F=-
3 Ve —— it

Equation (2) may also be used to define an average exit valocity for rockets where v, is not constant, such
as blowdown of a specified mass of hot propellant from a fixed volume, e.g.. as in laser rockets and pulse detonation
rockets:

t ‘ me pf
[Fdt  [d(mv) Jd(ove)
= 0 m; k
“@ N> =- = = ;
fdm  fdm Jdp
m;

m; [

so that <v,> is the mass weighted average exit velocity. Chemical thermodynamics may be used to rigorously
establish upper limits of <v> when the propellam equation of state is known and the initial and final states of the
propellant expansion are specified.

The Rocket Equation results from a balance of the force exerted by the propeliant on the vehicle and the
motion of the vehicle under the influence of the propulsive force as required by Newton’s second law. Thus, in the
absence of other forces, such as body (gravitational) force and drag force,



dm dv
F = —
®) “E® Ta

where v is the vehicle velocity in the inertial frame of reference, i.e., the velocity relative to a fixed point in space.
Elimination of time in Equation (5) yields the expression for conservation of momentum, mdv = -v.dm, which may
be integrated between the limits of initial and final mission velocity (v; and vy) and mass (m; and mg) to produce the
Rocket Equation,

® f=’—ni=exp-[vf'vi}=exp(-><).
m; Ve

Overall Efficiency of Conversion of Laser Energy to Propeliant K_inetic Enerev. af

The efficiency of conversion of laser energy to propellant kinetic energy may be defined by energy
conservation for the general case of variable v, such as occurs with blowdown expansion of laser heated air.

M E= ‘/zmp<v =af E;,

where the mass weighted average of the square of the propellant exit velocity is

The iuipulse, 1 =[Fdt, imparted to a test article by expansion of its propellant inay be accurately measured with a

ballistic pendulum. Momentum conservation requires equivalence between the measured impulse and the propellant

impulse so that

©) I=my<ve>.

The momentum coupling coefficient, also a measured quantity, is the impulse imparted to a test article per unit laser

energy incident on the propellant,

(10) . C=—.

Using the definitions embodied in Equations (7) ~ (10), C may be expressed in terms of &, B, <v>, and <v>>:

an =22 [<Ve>2 ]= 20B0

<v> | <y2> <>

I v, is constant, ® = <v>?/<y > =1. Thermodynamlcs may be used to rigorously establish inviolate upper limits

to @ and a for any specified free-expansion blowdown process when the propellant equation of state is known. The ‘

- @ factor depends on the mass distribution of exit velocities, and is mathematically limited to 0.5 < ® < 1. It will be
shown (Figure 6, vide infra) that ® for optimum blowdown of laser heated air to 1 bar pressure increases from 0.95
at low energy (2 MJ/kg) to 0.98 at high energy (60 M)/kg). The ® factor arises in Equation (11) because the
measured quantity, the jet impulse, is proportional to mass weighted average velocity whereas the jet kinetic energy
is proportional to the mass weighted average of the squared velocity. .




Experimental determination of ¢8

The value of aff may be determined within a factor of ® < 1 by experimental measurement of the impulse
imparted to a test article (I) when a laser pulse of known energy (E; ) ejects 2 known amount of propellant mass
(my):

(12) chD?——_:——-: =

. Thus, measurement of af requires knowledge of the propellant mass that is associated with the measured
impulse and laser pulse energy. in the absence of a mass measurement, a lower limit to propellant mass and an

upper limit to exit velocity may be established. Since B <1 is required for energy conservation,

2
(13)  m, 2 —— , and
‘ 2(X®EL
(14) v, € 2°‘TEL.

Use of thermodynamics to establish upper limits to @ and & enables additional restrictions to be placed on the
permissible experimental values of the upper limit v, and lower limit m,,.

Maximum Efficiency of Conversion of Propellant Internal Energy to Propellant Kinetic Enerav. o.

In the analysis of idealized thermodynamic expansion of laser heated air, the notion of an energy absorption
volume is invoked that contains a mass of propellant m, = p.V, into which an amount of energy BE, is deposited.
The time scale for energy absorption is much shorter than that for expansion so that the propellant density within
Vaps (the chamber) remains constant during energy absorption. This enables the initial specific internal energy of the
propellant to be defined,

(] 5) U - uo = BEL/pcVabsa

where p, = 1.18 kg/m’ and u° = 0.09 x 10° J/kg for air at STP. Table | provides a convenient list of values of the
normalized absorption volume, Vu,* = V,/B, derived from Equation (15) for various values of u. - u®and Ey.
Figure 1 shows a cross-section of the test article with a ring of Delrin installed in the shroud. The Delrin
shown occupies a volume of 7 cm’, which may be used to visualize a reasonable absorption volume for the case
where Delrin is absent and air is the heated material. Table 1 shows that a similar absorption volume for air would
produce, with unit B and nominal Ei values between 100 and 400 J, heated air with 10 to 40 MJ/kg interal energy.

If the Delrin surface shown in the figure, about 25 cm?, is a suitable representation of the sonic surface of expanding
. . . . . - 1 . I . .
air, then, with an idealized plug-nozzle exit area'’ of ~ 350 cm’, the expansion ratio in this test article may be as
large as ~ 14,
Perfect isentropic conversion of internal energy to propellant kinetic energy occurs with no losses so that
(16)  <v2>=2<u,-u> = 2a(u, - u°), where
(17 a=<u-u>/(u, - u®) = <v>>2(u, - u°), and
(18)  <v>=2<(u-u)'"*>.

These definitions generate a second expression for C in terms of the specific energy of laser heated propeliant:

(19  C=B[2ad/(u, - u*)]".



Figure 2 shows the relationships between six variables of interest: C, a, B, ®, <v.>, and [u, - u°] that derive from
definitions given by Equations (11) and (19). The Figure shows C* = C/ B vs & plot with lines of constant <ve>* =
<v>/® and lines of constant (u. - w)*= (u, - u)/®. As one proceeds from the origin along 2 paraboloidal line of
constant (u. - u°)*, which is also 2 line of constant entropy, both C* and « increase. At constant o, C* decreases as
<v,>* and (U, - u°)* increase. Knowledge of C and « fixes values of <v>/ p® and [u. - w’)/B*®. Figure 1 may also
be interpreted as 2 C vs o plot with lines of constant <v,>/ B and lines of constant [, - u°)/B°®. The absorption
volume may also be factored into this parameter space with use of Equation (15) or Table 1.

Thermodynamic Limitations to o and ®.

Figure 3 shows the chemical equilibrium Mollier diagram for air up to 24,000 K. Figure 3 is based on the
database maintained at NASA/Glenn [McBride and Gordon (1996)] 12 which is certified accurate up to 20,000 K
and which is based on extended 9-parameter fits to enthalpy, heat capacity, and entropy of neutral species and singly
charged ions. Above 20,000 K doubly charged ions begin to contribute but these are not included in the database.
This limitation leads to predictions of temperatures (at specified u and p) that are too high for plasmas above ~

20,000 K. . .
‘ Figure 4 shows a series of vertica! lines on the Mollier diagram. These are representations of equilibrium

isentropic expansions that originate from initial states located along the constant density line, p = 1.1 8 kg/m’, and
specific internal energies ranging from 1 to 100 MJ/kg. Table 2 summarizes other thermodynamic properties of
these initial equilibrium states of interest: T, P, h, 5, Mn, ¢, Va, €p/Cy, and X(e). Table3 provides a similar summary
of properties for the case of Mach 5 air at its stagnation density 15, 5.9 kg/m’. Since the entropy of the initial and
final states are equal, the thermodynamic state of the propellant in the exit surface is uniquely defined when only
one additional property in the exit surface is specified, such as the exit pressure or the expansion ratio, which are

- indicated in Figure 4. The expansion ratio, &, is the ratio of the area of the exit surface to the area of the sonic
surface or nozzle throat, and for isentropic expansions this may be represented in terms of thermodynamic properties
in the nozzle throat and exit plane: € = AJA= pVy/peve. ' -

Optimum Blowdown to P, = 1 bar. Mass Weighted Average Quantities

Figure 5 shows a representation of blowdown from the initial state where u.-u, = 2E3 kJ/kg and the initial
density is that of STP air. The series of vertical lines are located at equally spaced density increments. The
instantaneous and mass weighted average quantities based on Equations (16) — (19) are shown in Figures 6 - 9.

’ Figures 10 and 11 show the transformations of the isentropes in the Mollier plane (u-s plane) to the C*-a
plane. Lines of constant € and p, are almost exactly coincident. Lines of constant exit pressure run nearly paralle] to
lines of Constant £ and p,, and all are nearly vertical, indicating that alpha is nearly independent of v, and uu°.

DISCUSSION

. Coupling coefficients measured with the Figure 1 test model were reported in our previous paper’. With

increasing laser energy they rise to plateaus above about 300 J. At E; ~ 300 J, C(Delrin) ~ 350 Ns/MJ and the
ablated/vaporized mass was m, ~ 35 mg. This means that <v,> ~ 3000 m/s by Equations (9) and (10), and cfd ~
0.5 by Equation (11). Thus, &> 0.5, which is remarkably high. Air and Delrin will show very similar expansion
behavior. As shown by Figure 11, the dependence of & on the density of the heated air is quite strong. At [u-u'}* =
10 MJ/kg and expansion to 1 bar, Figure 11 shows that the instantaneous o increases from about 0.43 to about 0.60
when the density increases from the STP value (1.18 ke/m®) to its Mach 5 stagnation value (5.9 ke/m’). The
instantaneous o values decrease to about 0.32 and 0.5 respectively when the mass weighted average o for the free-
expansion blowdown process is calculated. An c value around 0.5 is reasonable when the density of the ablated
and vaporized delrin is as high as ~ 6 kg/m’ and the blowdown expansion is near perfect. Most importantly, it
appears that most of the inefficiency in the composite ap® efficiency is carried by ¢ and that B® is very close to
unity. ) , :

Coupling coefficients at E; > 300 J for air were found to depend strongly on the quality of the laser beam,

as between a tightly focused beam that produced lower C ~ 100 Ns/MJ than a loosely focused beam, which
produced C ~ 150 Ns/MJ. This may be due to the tight beam heating a smaller mass of air to 2 higher energy than



the more diffuse loosely focused beam. Although the exit velocity would be higher in the tight beam case, the total
xmpulse may be lower because the heated mass is lower. Figure | shows the geometry and size relationship ofa 7
cm’ absorption volume inside the shroud, which contains ~ 8 mg of air. With C(air, loose focus) = 150 Ns/MJ at E;

=300 J, and m, = 8 mg we may deduce <v,> ~ 5600 m/s, and «B® ~ 0.42. If the absorption volume is double, then
<v¢> and aB® are halved. Figure 10 shows that air heated to 10 MJ/kg for example would blowdown to 1 bar with
a = 0.32 (equilibrium expansion) or o = 0.27 (frozen expansion).

If we accept that a reasonable upper limit operational alpha is ~ 0.30 in our experiments « < 0.3, then the
measured C ~ 150 Ns/MJ and Equation {9-11) with B® = 1 require <v.> <4000 m/s, and m, > 11 mg. Now if ® is
~ 0.3 as has been suggested by CFD modeling,® then the upper limit of <v.> decreases to 1200 m/s and the lower
limit of m, increases to 36 mg. It would seem apparent that the value of B is somewhat larger than 0.3 because both
the upper limit <v,> and lower limit m, are not reasonable for the geometry shown in Figure 1.

CONCLUSIONS

Experimental studies of the 200-3/4 model Myrabo Laser Lightcraft with air heated by 10.6 u radiation
from a CO, laser showed that energy conversion efficiencies of laser energy to propellant Kinetic energy were at
least 30%. This was found to be consistent with highly simplified analysis of equilibrium (isentropic) expansions
from initia) states that are specified by a single parameter, the volume into which the laser energy is absorbed. The
measured exit velocity based on estimated air mass is in the neighborhood of 3000 m/s. It should be noted that
beam quality plays an important role in the performance of the model 200-3/4 MLL which is counterintuitive
inasmuch as lower beam quality (energy spread over a larger area) produces higher C coupling coefficients.
Computatxonal fluid dynamics modeling of the absorption (and reflection) of laser energy and expansion of the
formed plasma® have recently been carried out. The simple analysis presented here may only be useful in providing
upper limitations to the conversion of laser energy to propellant kinetic energy and to provide a simplified
visualization and description of the processes occurring in blowdown of laser heated propellants in MLL devices.

Expansion of a propellant mass that was heated at constant volume was examined under conditions where
either chemical equilibrium or frozen composition was maintained. For expansion with an effective area ratio of ~
4, which is appropriate for the MLL, a2 maximum of 25 to 50% of the internal energy is predicted to be convertible
to propellant kinetic energy, based on the minimization of the entropy gain of the blowdown process. With the
small effective area ratio ~ 4, equilibrium expansion was only slightly morz efTicient than frozen expansion.
Heating of propellant to highly ionized states resulted in lower efficiency energy conversion but higher exit velocity.
The thetmodynamic limitations are illustrated by process representations of blowdown in the Mollier plane.
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TaS]e 2. Thermodynamic properties of equilibrium air, p=1.18 kg/m’.
u T \ P h s % M, X&) Vy /ey
Mikg 10°K  bar = MJkg KlkgK KikgK kekmol km/s
-09 0298  1.000 -004 6864  1.005 28965 0 0.346 140

1 1.6 54 1.5 82 125 200  4E-10 077 1.30
2 2.5 8.6 2.7 8.7 1.51 289 3E09 055 124
3 32 111 39 9.0 2.16 286  3.E-08 1.06 1.20
4 3.7 13.1 5.1 93 - 283 278 3E-07 115 1.19
5 4.1 15.0 6.3 96 3.15 269 2E-06 123 1.19
6. 45 169 .74 9.8 3.04 261  SE-06 132 121
7 49 19.1 8.6 100 269 253  2E-05 141 123
8 54 215 938 102 2.56 247  4E-05 150 1.23
9 59 239 110 104 2.86 242  8E-05 1.57 121
10 63 26.0 122 10.6 3.43 238 LE04 162 1.19
15 15 34.1 17.9 113 6.70 217 5E-04  1.84 1.17
20 83 - 413 233 11.9 8.93 198  9.E-04 202 1.17

30 9.7 562 34.8 13.0 9.09 16.9 3.E-03 238 1.19
40 115 754 46.4 14.0 5.13 150 LE-02 28] 124
50 144 1010 585 14.8 481 140 4E02 326 125
60 16.6 124.0 705 154 662 132 1.E01  3.60 1.24
70 184 145.0 823 16.0 8.25 124 1.E-01 3.91 1.24
80 19.9 167.0 -94.1 165  -9.51 11.7 2.E-01 420 1.24
90 21.3 189.0 1060 170 10.40 1.1 2.E-01 4.48 1.25
100 22,6 211.0 1180 174 10.90 10.5 3.E-01 4.76 126
110 23.9 2350 130.0- 17.9 11.10 100  3.E-01 5.03 127

Table 3. Thermodynamic properties of Mach 3 air at stagnation density, p = 5.90 kg/m’.
u T P h s & M X(e) \A &l
Mikg 10°K  bar  Mlkg KlkgK KIkgK kg/kmol km/s

0.102 0560 ~ 9492 0263  6.864 1.042  28.965 0 0.471 1.38
1.6 27.1 1.5 7.9 125 ° 2897  4e-13 0.77 1.30

1

2 2.6 432 2.7 8.2 145 2895  6.E-11 0.96 1.25
3 33 56.5 4.0 8.6 1.85 2873  2.E-08 1.08 1.21
4 3.9 677 5.1 8.9 2.33 28.19 © 3E-07. L17 120
5 44 782 63 = 91 2.65 2746  2.E-06 126 120
6 438 88.9 7.5 9.3 271 2669 - 6.E-06 135 122
7 53 100.3 8.7 9.5 2.6] 2596 . 2.E-05 145 123
8 58 1124 9.9 9.7 2.55 2532 4E-05 - 153 1.23
9 6.3 1245 11.1 9.9 2.69 2479 8.E-05 . 1.61 122
10 6.7 - 135.8 123 - 100 3.04 2432 - 1LE-04 1.67 1.21
15 - 82 1820 - 18.1 10.7 5.49 2219 6.E-04 1.91 1.18
20 92 2223 23.8 112 7.36 2032 LE03 211 1.18
30 10.8 304.9 352 122 805 1741 3E03 249 120
40 127 4049 46.9 13.1 5.52 1545 LE-02 292 124
50 156 534.8 59.1 13.8 428 - 1433 3.E-02 339 127
60 18.4 667.9 71.3 14.4 520 1354 8.E-02  3.78 126
70 20.8 794.6 83.5 14.9 632 1281  LE-01 4.13 1.27
80 238 919.9 95.6 154 726 1214 2.E01 4.45 127
90 24.6 1046.6  107.7 15.8 7.99 11.52  2.E-01 4.76 1.28
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Figure 3. Mollier diagram for air including singly ianizk_zd species. Molecular weights are indicated at intersections of
isobars and isotherms. The lower diagram shows a heavy constant density line, p = 1.18 kg/m’ above a keavy constant

pressure line, P= 1 atm. The maximum energy initial states of laser heated STP air lic on the constant density line and
the optimally expanded states lie vertically below on the constant pressure line.
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Figure 4. Isentropes for equilibrium expansions originating from the constant density line at 1.18
kg/m’ and terminating on the constant pressure Ime at ] bar. Lines of constant arca ratio are
nearly coincident wuh lines of constant densiny.
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Figure 5. Graphical illustration of computation of blowdown integral from initial state of fu-u’] =
2E3 kJ/kg. The vertical lines are isentropes that are located at equally spaced density increments.
The isentropes terminate along the isobar at P =1 bar.
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Figure 6. Instantaneous quantities for equilibrium blowdown of heated air from initiul
density of 1.18 kg/m3 and specific internal energies ranging from 2 to 60 MJ/kg to a final
pressure of 1 bar. .
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 quantities from 2 and 10 MJ/kg initial internal energy. Initial density 1.18 kg/m’ ‘with
blowdown to 1 bar external pressure.
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